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Nuñez A, Domínguez S, Buño W, Fernández de Sevilla D. Cholinergic-mediated response enhancement in barrel cortex layer V pyramidal neurons. J Neurophysiol 108: 1656 -1668 , 2012 . First published June 20, 2012 doi:10.1152 /jn.00156.2012 .-Neocortical cholinergic activity plays a fundamental role in sensory processing and cognitive functions, but the underlying cellular mechanisms are largely unknown. We analyzed the effects of acetylcholine (ACh) on synaptic transmission and cell excitability in rat "barrel cortex" layer V (L5) pyramidal neurons in vitro. ACh through nicotinic and M1 muscarinic receptors enhanced excitatory postsynaptic currents and through nicotinic and M2 muscarinic receptors reduced inhibitory postsynaptic currents. These effects increased excitability and contributed to the generation of Ca 2ϩ spikes and bursts of action potentials (APs) when inputs in basal dendrites were stimulated. Ca 2ϩ spikes were mediated by activation of NMDA receptors (NMDARs) and L-type voltage-gated Ca 2ϩ channels. Additionally, we demonstrate in vivo that basal forebrain stimulation induced an atropinesensitive increase of L5 AP responses evoked by vibrissa deflection, an effect mainly due to the enhancement of an NMDAR component. Therefore, ACh modified the excitatory/inhibitory balance and switched L5 pyramidal neurons to a bursting mode that caused a potent and sustained response enhancement with possible fundamental consequences for the function of the barrel cortex. acetylcholine; synaptic plasticity THE "BARREL CORTEX" PROCESSES sensory information from the vibrissae through thalamocortical synaptic inputs in layers IV and V. Layer V (L5) pyramidal cells (PCs) receive a robust thalamocortical input at basal dendrites and a weaker contribution to apical dendrites (Petreanu et al. 2009; Woolsey and Van der Loos 1970) . The cortex also receives important cholinergic innervations, mainly from neurons located at the nucleus basalis magnocellularis in the basal forebrain (BF) (Mesulam et al. 1983; Semba 2000) . High densities of cholinergic fibers have been observed in layers I and V, whereas lower densities were found in layers II, III, and VI (Houser et al. 1985) . The cholinergic innervations of the cortex play fundamental roles in cognitive functions associated with attention, learning, memory (Himmelheber et al. 2000) , experiencedependent plasticity, and sensory processing (Alenda and Nuñez 2007; Lendvai et al. 2000) . Microiontophoresis of acetylcholine (ACh) and stimulation of the nucleus basalis magnocellularis induced long-lasting modifications of neuronal responses that were also present during wakefulness (Constantinople and Bruno 2011; Metherate et al. 1988; Oldford and Castro-Alamancos 2003; Tremblay et al. 1990; Verdier and Dykes 2001) . Furthermore, cortical map reorganization and neuronal receptive field changes in the somatosensory cortex were induced by lesions of the cholinergic system (Juliano et al. 1991; Sachdev et al. 1998) . Similar effects have also been observed in other sensory cortical areas (Castro-Alamancos 2009; Edeline et al. 1994; Kuo et al. 2009; Metherate and Hsieh 2004) .
Activation of muscarinic cholinergic receptors (mAChRs) has several key cellular actions because it 1) increases neuronal excitability and responsiveness for several minutes (Metherate et al. 1988; Oldford and Castro-Alamancos 2003) ; 2) decreases spike-frequency adaptation by reducing the Ca 2ϩ -dependent K ϩ current that underlies the slow afterhyperpolarization (IAHP) (McCormick and Prince 1986; Nicoll 1988; Schwindt et al. 1988) ; 3) enhances excitatory synaptic responses (Carr and Surmeier 2007; Krnjevic 2004 ) through the release of Ca 2ϩ from intracellular stores (Fernandez de Sevilla et al. 2008) ; 4) promotes back-propagation of action potentials (APs) into dendritic compartments (Hoffman et al. 1997); and 5) facilitates the induction of Ca 2ϩ -mediated spikes in PCs (Antal et al. 2010; Tsubokawa and Ross 1997) . Ca 2ϩ spikes provide dendrites with electrically active properties that mediate complex interactions between synaptic and dendritic currents that regulate synaptic inputs and plasticity Fuenzalida et al. 2007; Gordon et al. 2006; Larkum et al. 2009; Remy and Spruston 2007; Schiller et al. 2000; Yuste and Tank 1996) . Moreover, nicotinic cholinergic receptors (nAChRs) have been shown to enhance synaptic transmission (Christophe et al. 2002; Porter et al. 1999; Xiang et al. 1998) . However, there is scarce information about cholinergic effects on L5 pyramidal neurons. Recently, it has been shown that nAChR activation induces neuronal firing in interneurons and pyramidal neurons of L5 prefrontal cortex (Poorthuis et al. 2012 ).
Therefore we investigated in vitro the effects of a single brief ACh "puff" on synaptic responses evoked in barrel cortex L5 A PCs of rats by electrical stimulation at L5 B . ACh acting through nAChRs and M1-subtype mAChRs (M1-mAChRs) increased excitability and excitatory synaptic transmission and acting through nAChRs and M2-subtype mAChRs (M2-mAChRs) reduced synaptic inhibition. These cholinergic mechanisms facilitated the generation of Ca 2ϩ spikes mediated by activation of NMDARs and L-type voltage-gated Ca 2ϩ channels (VGCCs) when excitatory synaptic inputs in basal dendrites were stimulated. These Ca 2ϩ spikes triggered AP bursts that were absent in control conditions. In addition we demonstrate that an NMDAR-mediated increase in the response of L5 barrel cortex neurons to vibrissa deflection was evoked when ACh was released by BF stimulation in vivo. Therefore, ACh modifies the balance of excitation and inhibition and induces a switch in synaptic responses to a bursting output mode (Rigas and Castro-Alamancos 2009; Sanchez-Vives and McCormick 2000) that causes a potent and sustained response enhancement with possible consequences for plastic properties and sensory processing that are also present in vivo during natural "whisking" (de Kock and Sakmann 2009). Slice preparation and electrophysiological recording. Young Wistar rats (P14 -16) of either sex were decapitated, and brains were removed and submerged in cold (Ϸ4°C) artificial cerebrospinal fluid (ACSF; in mM: 124.00 NaCl, 2.69 KCl, 1.25 KH 2 PO 4 , 2.00 Mg 2 SO 4 , 26.00 NaHCO 3 , 2.00 CaCl 2 , and 10.00 glucose). The pH was stabilized at 7.4 by bubbling the ACSF with carbogen (95% O 2 -5% CO 2 ). In some cases, picrotoxin (PiTX; 50 M) was added to the ACSF to block GABA A -mediated inhibition. Transverse slices (300 -350 m thick) were cut with a vibratome (Pelco 3000; Pelco, St. Louis, MO) and incubated in the ACSF (Ͼ1 h at room temperature, 20 -22°C). Slices were transferred to a 2-ml chamber fixed to an upright microscope stage (BX51WI; Olympus, Tokyo, Japan) equipped with infrared differential interference contrast (DIC) video microscopy and a ϫ40 water-immersion objective and superfused at room temperature with carbogen-bubbled ACSF (2 ml/min). Whole cell recordings from the soma of L5 A PCs were performed with patch pipettes (4 -8 M⍀) filled with an internal solution that contained (in mM) 135 K-MeSO 4 , 10 HEPES, 0.2 EGTA, 2 Na 2 -ATP, and 0.4 Na 3 -GTP, buffered to pH 7.2-7.3 with KOH. In some experiments, pipettes were loaded with N-ethyl lidocaine (QX-314; 5 mM). Recordings were performed in the current-or voltage-clamp mode with a Cornerstone PC-ONE amplifier (Dagan, Minneapolis, MN). Pipettes were placed with a mechanical micromanipulator (Narishige, Tokyo, Japan). The holding potential was adjusted to Ϫ60 mV, and the series resistance was compensated to Ϸ80%. L5 PCs were accepted only when the seal resistance was Ͼ1 G⍀ and the series resistance (10 -20 M⍀) did not change (Ͼ10%) during the experiment. Data were low-pass filtered at 3.0 kHz and sampled at Ն10.0 kHz through a Digidata 1322A (Molecular Devices, Sunnyvale, CA). Synaptic responses were evoked by electrical stimulation (0.1 ms and 20 -100 A) with a nichrome bipolar electrode (60-m diameter; tip separation Ϸ 100 m) placed at the level of L5 B close to (Ͻ100 m) the basal dendrites of the patched PC. Electrical stimulation at L5 B was selected because it activates an important contribution of ascending thalamocortical or intracortical fibers. In other experiments, a bipolar stimulation electrode pulled from theta borosilicate glass capillary (tip diameter 10 -15 m) filled with ACSF and connected to a digital stimulator through chloridesilver electrodes was used. No significant differences in the results were observed with the two stimulation methods. A Grass S88 and SIU (Quincy, MA) generated the stimulation pulses. ACh (10 M), atropine [1 M, a concentration that does not interfere with nAChRs (Alkondon et al. 2000) ], pirenzepine (75 nM), methoctramine (1 M), mecamylamine (MMA; 50 M), methyllycaconitine (MLA; 125 M), nifedipine (20 M), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 M), and D-2-amino-5-phosphonovaleric acid (D-AP5; 50 M) were added to the ACSF and superfused as needed. A brief and localized ACh "puff" (100 ms, 1-2 kg/cm 2 ) was applied through a pipette (tip diameter Ϸ5 m) loaded with ACh (0.1-1 mM) and connected to a Picospritzer II (General Valve). The pipette tip was placed during the puff (Fig. 1A) with a hydraulic micromanipulator (Narishige) either close (Ϸ30 -50 m) to the soma of the parched PC (Fig. 1D , ACh somatic puff) or close to the basal dendrites (Ϸ50 -150 m down from the soma, Fig. 1F , ACh basal puff) and withdrawn from the tissue immediately after the puff. Under these conditions an estimated concentration between 1 and 10 M ACh would reach the recorded PC (Fernandez de Sevilla and Buño 2010) . To compare the effects of ACh on the AP response evoked by synaptic stimulation we measured the average number of APs per second within a 30-s time window following ACh application. In some experiments the "puff" pipette was loaded with PiTX (0.5 mM), glutamate (Glu; 1 mM), or muscimol (500 M) and puff application was close to the soma (Ϸ50 -100 m). The pCLAMP programs (Molecular Devices) were used to generate stimulus timing signals and transmembrane current pulses and to record and analyze data. Plots of the changes induced by ACh in excitatory postsynaptic current (EPSC) and excitatory postsynaptic potential (EPSP) peak amplitudes (% from control) versus time were constructed.
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Biocytin was added to the patch micropipette (at a 1% final concentration) and injected with 0.1-to 0.3-nA, 300-to 400-ms depolarizing pulses at 1 Hz. Brain slices were fixed by immersion in a mixture of 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4 for 8 -12 h at 4°C. All slices were incubated overnight in avidinbiotin-peroxidase reagent (Elite Kit, Vector; dilution 1/150 in PBS with 1% Triton X-100). On the following day, slices were bathed for 20 min in a solution containing 0.05% 3,3=-diaminobenzidine tetrahydrochloride and 0.003% hydrogen peroxide in phosphate buffer to reveal the presence of biocytin. Slices were examined under a microscope, and injected cells were photographed. Ca 2ϩ imaging. In some cases, simultaneous electrophysiology and intracellular Ca 2ϩ imaging were obtained. The latter was performed by fluorescence microscopy with the Ca 2ϩ indicator fluo-3 (Molecular Probes, Eugene, OR). Patch pipettes were filled with the normal internal solution plus 50 -100 M fluo-3. Imaging experiments were performed after a 15-to 20-min stabilization period that allowed the equilibration of the dye in the soma, basal dendrites, and apical dendritic shaft. Loaded cells were illuminated over 40 ms every 200 ms at 490 nm with a monochromator (Polychrome IV; TILL Photo-nics, Planegg, Germany), and successive images were obtained at 5 s Ϫ1 with a cooled monochrome CCD camera (Luca, Andor Technologies, Belfast, UK) attached to the Olympus microscope that was equipped with a filter cube (Chroma Technology, Rockingham, VT) optimized for fluo-3. Camera control, synchronization with electrophysiological recordings, and quantitative epifluorescence measurements were made with ImagingWorkbench software (INDECBioSystems, Santa Clara, CA). Changes in fluorescence were expressed as the proportion (%) of the relative change in fluorescence (⌬F/F 0 , where F 0 is the prestimulus fluorescence level when cells were at rest and ⌬F is the change in fluorescence during activity). Plots of Ca 2ϩ signal variations versus time were obtained "off-line" at specified regions of interest from stored image stacks and expressed as ⌬F/F 0 . Corrections were made for indicator bleaching during trials by subtracting the signal measured under the same conditions when the cells were not stimulated. Chemicals were purchased from Alomone Labs (Jerusalem, Israel), Molecular Probes, Sigma-Aldrich Quimica (Madrid, Spain), and Tocris Bioscience (Ellisville, MO; distributed by Biogen Científica, Madrid, Spain).
In vivo recordings. Experiments were performed on 21 urethaneanesthetized (1.6 g/kg ip) adult Wistar rats (from Iffa-Credo) weighing 200 -250 g. Animals were placed in a Kopf stereotaxic device in which surgical procedures and recordings were performed. The body temperature was maintained at 37°C; the end-tidal CO 2 and heart rate were monitorized. Supplemental doses of anesthetic were given to maintain areflexia. Local anesthetic (lidocaine 1%) was applied to all skin incisions and pressure points. An incision was made exposing the skull, and a small hole was drilled in the skull over the SI cortex. Single-unit recordings in SI cortex (A 1-3 mm, L 5-7 mm from bregma) were made 900 -1,200 m below the surface with tungsten microelectrodes (2-5 M⍀; World Precision Instruments, Sarasota, FL). Unit firing was filtered (0.3-3 kHz), amplified via an AC preamplifier (DAM80; World Precision Instruments), and fed into a personal computer (sample rate 10 kHz) with the temporal reference of the stimuli for off-line analysis with Spike 2 software (Cambridge Electronic Design, Cambridge, UK).
Sensory and electrical stimulation. Vibrissa deflection was performed with an electronically gated, brief air jet (1-2 kg/cm 2 , 20-ms duration; Picospritzer) delivered at 0.5 Hz through a 1-mm-inner diameter polyethylene tube. To avoid complex responses due to deflections of multiple vibrissae, these were cut down to 5 mm long, so that reproducible responses were evoked. Receptive fields were defined by the limits at which stimuli elicited changes in AP activity. Control tactile stimulation consisted of 30 air jets delivered over 60 s to the principal vibrissa (the vibrissa that evoked the highest AP response in the recorded neuron). Barrages of electrical stimuli were applied at the BF (50 Hz, 500-ms duration) through bipolar electrodes (100-m-diameter blunt-cut insulated stainless steel wires; World Precision Instruments) with 0.3-ms-duration 50-to 500-A pulses generated by a Grass S88 stimulator coupled to a photoelectric stimulus isolation unit. Recordings were accepted for statistical analysis when the amplitude fluctuations of APs were lower than 10% throughout the experiment. Peristimulus time histograms (PSTHs; 2-ms bins) were calculated from 30 stimuli with Spike 2 software (Cambridge Electronic Design). The mean tactile response was measured from the PSTH as the number of APs evoked in the 0 -50 ms time window after stimulus onset divided by the number of stimuli. We considered that neurons responded to tactile stimulation when the cell discharged at least one spike every two stimuli. We also measured the average number of APs triggered up to 20 ms after the onset of the vibrissa deflection (first component of the PSTH) and during a 20 -50 ms time window after the onset of the vibrissa deflection (second component of the PSTH). The separation into two components was based on estimated response morphology and principally because of the marked inhibition of the second component by the NMDA blocking agent (MK-801) that suggested that both components were elicited by the activation of different glutamatergic receptors (see RESULTS) . In all cases statistical estimates were made with Student's two-tailed t-tests for unpaired or paired data as required, and data are presented as means Ϯ SE. The threshold for statistical significance was P Ͻ 0.05; P Ͻ 0.01 and P Ͻ 0.001 are also indicated. The above tests require that the data follow a normal distribution, and our inhibitory postsynaptic current (IPSC) peak amplitude data approximate the normal distribution (not shown). Data analysis. The pre-or postsynaptic origin of the PSC or PSC amplitude changes induced by ACh was investigated by estimating 1) changes in paired-pulse facilitation (PPF), which are considered to be of presynaptic origin (Clark et al. 1994; Creager et al. 1980; Kuhnt and Voronin 1994) and were quantified by calculating a PPF index (R2/R1, where R1 and R2 are the peak amplitudes of the first and second PSPs or PSCs, respectively) and 2) the modifications in the variance that parallel the PSC amplitude changes, which reflect the changes in transmitter release probability (Bekkers and Stevens 1990; Clements 1990; Kuhnt and Voronin 1994; Malinow and Tsien 1990) . To estimate the EPSC variance modifications, we first calculated the noise-free coefficient of variation (CV NF ) of the synaptic responses in ACh and control conditions with the formula CV NF ϭ ͌(␦ EPSC 2 Ϫ ␦ noise 2 )/m, where ␦ EPSC 2 and ␦ noise 2 are the variance of the peak EPSC and baseline, respectively, and m is the mean EPSC peak amplitude. The ratio of the CV in control and ACh conditions (CVR) was obtained then for each neuron as CV ACh /CV control (Clements 1990 ). The CVR should be Ͼ 1 if the cause of the inhibitory effect is presynaptic. Finally, we constructed plots comparing variation in the normalized m (termed M) to the change in response variance of the EPSC amplitude (1/CV 2 ) measured during ACh and normalized to the respective control value in each cell (Bekkers and Stevens 1990; Malinow and Tsien 1990) . In these plots, values should follow the diagonal and the 1/CV 2 values remain under 1 if the inhibitory effect has a presynaptic origin. This method requires a binomial EPSC amplitude distribution, a condition that must be met for the synaptic variance to reflect the probability of transmitter release (i.e., the quantal variance). We could not directly test whether our data fitted a binomial distribution, but synaptic fluctuations were always evident and we assumed that synaptic release followed a binomial distribution.
RESULTS
Whole cell current-and voltage-clamp recordings were obtained from L5 PCs (n ϭ 155) identified by their distance from layer IV (ϳ300 m; upper portion of the infragranular layer), their large pyramidal-shaped somata, and their extended apical dendrite (Fig. 1, A and C) , suggesting that we predominantly recorded from slender-tufted cells located in L5 A (Manns et al. 2004) . Moreover, some cells (n ϭ 10) were intracellularly stained with biocytin, confirming that we recorded slendertufted layer 5 A pyramidal neurons (Fig. 1C) . They showed a mean membrane potential (V m ) of Ϫ65.7 Ϯ 0.5 mV and a mean input resistance (R in ) of 127.2 Ϯ 6.8 M⍀ (n ϭ 10). The current/voltage relationships used to estimate the R in were measured from peak voltage values at the onset of hyperpolarizing current pulses before the appearance of a sag characteristic of the presence of an h current (Fig. 1B) . Moreover, depolarizing current pulses evoked barrages of overshooting APs with mean peak amplitude of 80.5 Ϯ 1.4 mV. The firing patterns evoked by depolarizing current pulses were similar to the regular spiking PCs (Kawaguchi 1993; McCormick et al. 1985) .
ACh facilitated generation of slow spikes. Activation of cholinergic receptors may cause depolarization by decreasing several K ϩ currents including the muscarinic and voltagedependent K ϩ conductance termed the M current (Krnjevic 2004 ) and the Ca 2ϩ -activated K ϩ conductance that generates the slow afterhyperpolarization (Bonansco and Buño 2003; Martin et al. 2001) , facilitates AP back-propagation and dendritic spikes, and regulates excitatory and inhibitory synaptic responses (see introduction). We tested the effects of ACh on the responses evoked by electrical stimulation at L5 B at 0.2 Hz. Brief ACh puffs (100 ms, 1-2 kg/cm 2 ) were applied through a pipette close to the soma (50 -100 m) of the recorded neuron during electrical stimulation close to the basal dendrites at L5 B . The somatic ACh puff induced an initial hyperpolarization (3.2 Ϯ 0.9 mV; n ϭ 11), possibly caused by the activation of an apamine-sensitive Ca 2ϩ -activated K ϩ conductance (Gulledge et al. 2007 ), followed by a long-lasting (4.4 Ϯ 1.9 mV, 30.2 Ϯ 3.9 s; n ϭ 11) depolarization, during which stimulation at L5 B triggered APs (Fig. 1D, left) and subthreshold EPSPs (i.e., the small amplitude responses in Fig. 1D , right). The effects of ACh puffs had brief delays (Ͻ100 ms) and were short lived (20 -30 s; same cells). To quantify ACh effects, we measured the ACh-mediated increase in the number of APs triggered by the synaptic stimulation relative to the control condition. Somatic ACh puffs (see MATERIALS AND METHODS) increased the number of APs (from no APs in control to 3.5 Ϯ 0.2 APs/s after ACh puff; n ϭ 11) (Fig. 1, D and E) . However, when ACh puffs were applied close to the basal dendrites (50 -100 m) the initial hyperpolarization was absent, a long-lasting depolarization (6.4 Ϯ 0.9 mV, 28.2 Ϯ 4.9 s; n ϭ 14) was observed, and stimulation at L5 B triggered a single slow spike (44 Ϯ 6.5 mV peak amplitude and 400 Ϯ 50.5 ms duration; n ϭ 14) and a burst of APs above a threshold V m (Ϫ58.2 Ϯ 1.1 mV; same cells) (Fig. 1, F and G) . In the absence of the ACh puff suprathreshold responses consisted in a single AP and slow spikes were absent. Therefore, application of ACh at the basal dendrites triggered APs (from no APs in control to 2.1 Ϯ 0.8 APs/s after ACh; n ϭ 14) and slow spikes (4.2 Ϯ 1.2 slow spikes; n ϭ 14) similar to the previously described calcium spikes in L5 pyramidal neurons (Gordon et al. 2006; Schiller et al. 2000) . We focused our analysis on the induction of slow spikes by ACh and tested the effects of superfusion with ACh (10 M) added to the ACSF that depolarized by 4.3 Ϯ 1.9 mV in 32 of the 44 recorded neurons (or 76%). In those conditions, stimulation at L5 B triggered a slow spike riding on the EPSP usually topped by a brief AP burst (see Fig. 2A ).
Slow spikes were Ca 2ϩ spikes induced by M1-subtype muscarinic and nicotinic receptors. We performed simultaneous electrophysiology and Ca 2ϩ imaging in control conditions and after bath application of ACh that induced slow spikes paralleled by a robust intracellular Ca 2ϩ signal in the apical and basal dendrites and soma ( Fig. 2A, left) . The intracellular Ca 2ϩ signal (⌬F/F 0 ) associated with the slow spikes increased on average 15.5 Ϯ 5.2% from control values (P Ͻ 0.001; n ϭ 6). The mean duration of the Ca 2ϩ rise measured at half-amplitude increased with ACh by 52.3 Ϯ 9.2% (P Ͻ 0.001; same cells). Ca 2ϩ signals were smaller when APs were triggered in the absence of slow spikes ( Fig. 2A, bottom left) signal returned to control levels under 50 M D-AP5 (9.2 Ϯ 0.9% from control values, P Ͼ 0.05; n ϭ 6) and was totally suppressed when supplemented with 20 M nifedipine (0.5 Ϯ 0.4% from control values, P Ͻ 0.001; n ϭ 6) ( Fig. 2A, right) .
We next determined the cholinergic receptor involved in the induction of the Ca 2ϩ spike by puffing ACh at the basal dendrites in the presence of nicotinic or muscarinic receptor antagonist. Blockade of mAChRs by incubation with atropine (1 M) prevented the depolarization and the Ca 2ϩ spikes (P Ͻ 0.001; n ϭ 6; Fig. 2B ), indicating that ACh acted via mAChRs. Pirenzepine (75 nM) had effects essentially identical to those of atropine (P Ͻ 0.001; n ϭ 7), consistent with ACh acting through M1-mAChRs, while methoctramine (1 M) had no effect (P Ͼ 0.05; n ϭ 6), ruling out the participation of M2-mAChRs (Fig. 2B) . However, when nAChRs were blocked with MMA (50 M) plus MLA (125 M), ACh induced a depolarization (5.1 Ϯ 1.1 mV) but Ca 2ϩ spikes were prevented (P Ͻ 0.01; n ϭ 10; Fig. 2B ). These results indicate that nAChRs are required to trigger Ca 2ϩ spikes, while the ACh-dependent depolarization was not crucial for their initiation (see below). Taken together, these results demonstrate that ACh acting on M1-mAChRs and nAChRs was able to generate slow Ca 2ϩ -mediated spikes in L5 A PCs. Ca 2ϩ spikes were mediated by NMDARs and L-type VGCC activation. Under blockade of voltage-gated Na ϩ conductances by loading neurons with QX-314 (5 mM), ACh puffs facilitated the induction of slow spikes evoked by stimulation at L5 B (45 Ϯ 5.8 mV peak amplitude; n ϭ 14). In these conditions Ca 2ϩ spikes clearly revealed their all-or-none nature, as shown by the essentially identical amplitudes when successive responses were superimposed (Fig. 3A) . Therefore, activation of Na ϩ channels was not required for the initiation of these slow spikes. In contrast, Ca 2ϩ spikes were markedly reduced to 22.3 Ϯ 3.1 mV (or 50.5 Ϯ 7% from control, P Ͻ 0.001; n ϭ 10) under superfusion with D-AP5 (Fig. 3, B and D) . Ca 2ϩ spikes were also significantly reduced to 18 Ϯ 2.3 mV (or 40.2 Ϯ 5.1% from the control; P Ͻ 0.001; n ϭ 10) by nifedipine (Fig. 3, C and D) , indicating that Ca 2ϩ influx through L-type VGCCs was a key factor in the genesis of these slow Ca 2ϩ -mediated spikes. When both D-AP5 and nifedipine were superfused (Fig. 3D) , Ca 2ϩ spikes were totally suppressed (P Ͻ 0.001; n ϭ 6). Consequently, both NMDARs and VGCCs contributed actively and almost equally to these Ca 2ϩ spikes.
ACh enhanced pyramidal cell excitability and synaptic transmission through activation of nAChRs and mAChRs. We tested the effects of ACh superfusion on the amplitude of PSPs evoked by electrical stimulation close to the basal dendrites at , while under superfusion with ACh (10 M) an EPSP ϩ slow spike and AP burst are evoked (top gray trace) and a robust Ca 2ϩ signal is generated (bottom gray trace). ⌬F/F 0 , relative change in fluorescence. Right: summary data showing peak amplitude of the Ca 2ϩ signal (% of baseline) measured in ACSF (n ϭ 6), during ACh (***P Ͻ 0.001; n ϭ 6), during ACh when NMDA receptors (NMDARs) were blocked with D-2-amino-5-phosphonovaleric acid (D-AP5; 50 M, P Ͼ 0.05; n ϭ 6), and when both NMDARs and L-type Ca 2ϩ channels were blocked in the presence of D-AP5 and nifedipine (20 M, ***P Ͻ 0.001; n ϭ 6). B: pharmacological analysis of the cholinergic receptor type involved in the depolarization and slow spike induced by dendritic puffs. Atropine (1 M) and pirenzepine (75 nM) prevented the depolarization and the Ca 2ϩ spikes, while methoctramine (1 M) had no effect. ACh induced a depolarization, but Ca 2ϩ spikes were prevented by mecamylamine (MMA; 50 M) ϩ methyllycaconitine (MLA; 125 M).
L5 B. We also checked for changes in R in . A "bias" current was applied to counteract the depolarization induced by ACh. In these conditions, ACh increased the peak amplitude of PSPs from 3.4 Ϯ 0.7 mV to 9.4 Ϯ 0.7 mV (or 277 Ϯ 16.3%, P Ͻ 0.001; n ϭ 10; Fig. 4A ), an effect associated with an increased R in (from 115.0 Ϯ 3.7 M⍀ to 160.6 Ϯ 4.3 M⍀ or 140 Ϯ 9.7%, P Ͻ 0.001; same cells; Fig. 4A ). Nevertheless, the time course was different since R in increased rapidly, reaching a plateau while the amplitude of PSPs continued to increase thereafter.
Blockade of mAChRs by incubation with atropine (1 M) prevented Ca 2ϩ spikes (Fig. 2B ) and the changes in both R in and PSPs (P Ͻ 0.001; n ϭ 6; Fig. 4 , B and C), indicating that ACh acted via mAChRs. Pirenzepine (75 nM) had effects essentially identical to those of atropine (P Ͻ 0.001; n ϭ 7), consistent with ACh acting through M1-mAChRs, while methoctramine (1 M) had no effect (P Ͼ 0.05; n ϭ 6), ruling out the participation of M2-mAChRs (Fig. 4, B and C) . However, when non-␣7-nAChRs and ␣7-nAChRs were blocked with the specific antagonist MMA (50 M) plus MLA (125 M), respectively, Ca 2ϩ spikes were prevented (Fig. 2B ) and the increase in PSP amplitude was reduced (160.5 Ϯ 22.5%, P Ͻ 0.01; n ϭ 10; Fig. 4B ). Blockade of nAChRs did not affect the increase in R in (168.5 Ϯ 23.5%, P Ͼ 0.05; n ϭ 10; Fig. 4C ) induced by ACh. These results indicate that nAChRs are required to trigger the Ca 2ϩ spike, while the increase in R in that could favor the Ca 2ϩ spikes was not crucial for their initiation (see below).
ACh increased glutamatergic synaptic transmission. We explored, under voltage clamp (a condition in which the changes in R in should have no effect on the amplitude of the synaptic currents), the effects of ACh on EPSCs isolated under PiTX, evoked by stimulation of basal dendrites at L5 B . We first determined the effects of ACh on the mean peak amplitude of the isolated AMPA-and NMDA-mediated EPSC components (EPSC AMPA and EPSC NMDA , respectively) Ϸ10 min after the onset of ACh superfusion when the inward current induced by ACh had stabilized. After blockade of NMDARs with D-AP5, EPSC AMPA increased with ACh from 38.2 Ϯ 8.5 pA to 66.4 Ϯ 12.9 pA (or 174 Ϯ 23.4%, P Ͻ 0.001; n ϭ 6; Fig. 5A ). During Fig. 4 . ACh enhances synaptic transmission mainly by increasing the synaptic conductance and input resistance (R in ). A, top: representative superimposed averaged responses evoked by hyperpolarizing current pulses followed by PSPs (i.e., with functional inhibition) induced by stimulation at L5 B obtained at time points 1, 2, and 3 at bottom. Bottom: peak PSP () and R in (OE) amplitudes as a function of time before (ACSF) and during ACh (10 M, P Ͻ 0.001; n ϭ 10) superfusion (horizontal bar). B: summary data showing the changes (% of control) of the PSP peak amplitude induced by ACh in control (n ϭ 10) and under atropine (1 M, ***P Ͻ 0.001; n ϭ 6), pirenzepine (75 nM, ***P Ͻ 0.001; n ϭ 7), methoctramine (1 M, P Ͼ 0.05; n ϭ 6). and MLA (125 M) ϩ MMA (50 M) (**P Ͻ 0.01; n ϭ 10). C: same as B but showing the changes (% of control) of R in (same cells as B). ***P Ͻ 0.001. blockade of EPSP AMPA by 20 M CNQX, EPSC NMDA increased with ACh from 39.3 Ϯ 13.3 pA to 73.3 Ϯ 11.2 pA (or 187 Ϯ 18.5%, P Ͻ 0.001; n ϭ 6; Fig. 5A ). We also measured the mean peak compound EPSC amplitude (EPSC MIXED ), which increased from 58.3 Ϯ 14.3 pA to 127.1 Ϯ 19.8 pA (or 218 Ϯ 19.2%, P Ͻ 0.001; n ϭ 27) Ϸ10 min after the onset of ACh superfusion (bar plot in Fig. 5A ). Moreover, ACh increased both the area (210 Ϯ 15.1%, P Ͻ 0.001; n ϭ 27) and the rising slope (144.8 Ϯ 10.6%, P Ͻ 0.001; n ϭ 27) of the EPSC MIXED . The relative increase in EPSC amplitude was similar to the PSP enhancement recorded under current clamp during ACh superfusion (see above).
Therefore, our results indicate that the increased R in provided a minor contribution to the PSP increment recorded under current clamp. The facilitation of EPSCs induced by ACh was inhibited by atropine (data not shown), pirenzepine (P Ͻ 0.001; n ϭ 6), or MMA plus MLA (P Ͻ 0.001; n ϭ 6) but not by methoctramine (P Ͼ 0.05; n ϭ 6; Fig. 5B ), suggesting that effects were mediated both by M1-mAChRs and by nAChRs. Therefore, both mAChRs and nAChRs could play a key role in the genesis of these Ca 2ϩ spikes, possibly because both receptor types are widely distributed in the cortex, especially in inhibitory interneurons, where they regulate excitability and the release of GABA (Christophe et al. 2002; Porter et al. 1999; Xiang et al. 1998) .
The parallel increase of EPSC AMPA and EPSC NMDA deserves attention because it could indicate a presynaptic mediated effect of ACh (Cabezas and Buño 2011; Fernandez de Sevilla and Buño 2010). Therefore, we analyzed the changes in paired-pulse responses that rely on presynaptic mechanisms (Cabezas and Buño 2011; Kamiya and Zucker 1994) . We recorded EPSCs evoked by paired-pulse stimulation (80-ms delay) at L5 B and measured the paired-pulse ratio (PPR) of the response, i.e., the quotient between the peak amplitude of the second EPSC or R2 over the first EPSC or R1. The PPR did not change with the cholinergic-mediated enhancement of the EPSCs and had values of 1.16 Ϯ 0.03 in control and 1.08 Ϯ 0.1 10 min after the start of superfusion with ACh (P Ͼ 0.05; n ϭ 12; Fig. 5, C and D) . We examined plots of 1/CV 2 as a function of the mean peak EPSC amplitude (see MATERIALS AND METH- . Right: summary data showing the effects of ACh on the peak amplitude (% of control) of the compound EPSC (EPSC MIXED , ***P Ͻ 0.001; n ϭ 27) and isolated EPSC AMPA (***P Ͻ 0.001; n ϭ 6) and EPSC NMDA (***P Ͻ 0.001; n ϭ 6). B, left: representative superimposed EPSC MIXED showing that pirenzepine (75 nM) and MLA (125 M) ϩ MMA (50 M) blocked the EPSC enhancement induced by ACh. Right: summary data illustrating ACh-induced changes in EPSC MIXED peak amplitude (% of control) for MLA ϩ MMA (***P Ͻ 0.001; n ϭ 6), pirenzepine (***P Ͻ 0.001; n ϭ 6), and methoctramine (1 M, P Ͼ 0.05; n ϭ 6). C, top: summary data showing the paired-pulse ratio [PPR (R2/R1)] of EPSCs in ACSF (open bar) and the unchanged PPR during ACh superfusion (filled bar, P Ͼ 0.05; n ϭ 12). Bottom: plot of the variance (1/CV 2 , where CV is coefficient of variation) as a function of the mean peak EPSC amplitude (M) in the presence of ACh normalized to control conditions. D, top: representative superimposed EPSCs evoked by paired pulses (80-ms delay) in ACSF (black trace) and during ACh superfusion (gray trace). Bottom: representative superimposed records of currents evoked by glutamate (Glu) puffs in ACSF (black trace) and during ACh superfusion (gray trace). E: summary data showing changes in peak EPSC (OE, P Ͻ 0.001; n ϭ 27) and Glu current (, P Ͻ 0.001; n ϭ 6) amplitudes (% of control) as a function of time in control ACSF and during ACh superfusion (horizontal bar). ODS) to determine the pre-or postsynaptic origin of the effects of ACh (Fig. 5C ). The plots revealed that values were not grouped following the diagonal and thus that the ACh facilitation was not due to a change in presynaptic release properties.
These results indicate the absence of a presynaptic mediated enhancement of Glu release and imply that the changes in EPSC amplitude occurred postsynaptically, as has been shown previously in the hippocampus (Fernandez de Sevilla et al. 2008) . To confirm that EPSC modifications were postsynaptically mediated, we recorded under voltage clamp the response evoked by puffs of Glu (1 mM) applied close to the soma (50 -100 m) of the recorded pyramidal neuron (Fig. 5D) . Glu-mediated currents, which bypass the presynaptic component of transmission, were potentiated by ACh from 84.2 Ϯ 10.5 pA to 157.4 Ϯ 14.9 pA (or 187 Ϯ 23%, P Ͻ 0.001; n ϭ 6). Moreover, the time courses of the potentiation of EPSCs and Glu-mediated currents were similar (Fig. 5E) , supporting the view that the effects of ACh on EPSPs were mediated postsynaptically. We did not detect significant changes in the frequency of spontaneous synaptic currents after Glu puffs (3.0 Ϯ 0.2 before and 2.8 Ϯ 0.3 after Glu puff, P Ͻ 0.05; n ϭ 10, data not shown), indicating that Glu application did not evoke synaptic release from neighboring neurons onto the recorded pyramidal neurons. Therefore we can exclude important circuital effects of Glu puffs in our experimental conditions. ACh reduced GABAergic synaptic transmission. Inhibition plays a major role in the control of cortical excitability and in the genesis of dendritic Ca 2ϩ spikes (Remy and Spruston 2007) . In ACSF, with intact GABA A inhibition, electrical stimulation at L5 B was unable to trigger Ca 2ϩ spikes (Fig. 6A,  control) . However, Ca 2ϩ spikes were readily induced by electrical stimulation at L5 B when ACh was superfused or "puffed" (50 -100 M) close to the basal dendrites of L5 A PCs (Fig.  1F) . Moreover, Ca 2ϩ spikes were also induced in the absence of ACh in the same cells when synaptic inhibition was blocked by puffs of PiTX (0.5 mM) (Fig. 6A) . A possible interpretation of these results is that ACh decreases GABAergic inhibition, assisting the generation of Ca 2ϩ spikes. To test this hypothesis, we recorded isolated IPSCs evoked by paired-pulse stimulation at L5 B (as above) under blockade of ionotropic Glu receptors (GluRs) with CNQX and D-AP5. Superfusion of ACh reduced the IPSC peak amplitude from 42.9 Ϯ 0.6 pA to 21.4 Ϯ 5.8 pA (or 50 Ϯ 14%, P Ͻ 0.001; n ϭ 25) (Fig. 6E ). These effects of ACh were prevented by incubation with methoctramine (P Ͻ 0.01; n ϭ 10) or MLA plus MMA (P Ͻ 0.01; n ϭ 10) but not with pirenzepine (P Ͼ 0.05; n ϭ 12; Fig. 6B ). ACh modified . Right: summary data illustrating changes in average IPSC peak amplitude (% of control) induced by ACh under MMA ϩ MLA (**P Ͻ 0.01; n ϭ 10), pirenzepine (P Ͼ 0.05; n ϭ 12), and methoctramine (**P Ͻ 0.01; n ϭ 10). C, top: summary data showing the PPR of IPSCs in ACSF (open bar) and the enhanced PPR (R2/R1) during ACh superfusion (filled bar, **P Ͻ 0.01; n ϭ 10). Bottom: plot of the variance (1/CV 2 ) as a function of the mean peak EPSC amplitude (M) in the presence of ACh normalized to control conditions. D, top: representative superimposed IPSCs evoked by paired pulses (80-ms delay) in ACSF (black trace) and during ACh superfusion (gray trace). Bottom: representative superimposed records of currents evoked by muscimol "puffs" (500 M, 100 ms) in ACSF (black trace) and during ACh superfusion (gray trace). E: plot showing changes in peak IPSC (OE, P Ͻ 0.01; n ϭ 25) and muscimol current (, P Ͼ 0.05; n ϭ 6) amplitudes (% of control) as a function of time before (in ACSF) and during ACh superfusion (horizontal bar).
the PPR observed in controls (from 0.6 Ϯ 0.08 to 0.9 Ϯ 0.09, P Ͻ 0.01; n ϭ 10), suggesting that ACh decreased IPSCs by reducing the release probability at GABAergic presynaptic terminals (Fig. 6, C and D) . We also examined the variation in 1/CV 2 IPSC amplitude values versus the mean peak amplitude under ACh. In this relation values were grouped following the diagonal and 1/CV 2 values were Ͻ1.0, implying that ACh reduced the probability of transmitter release and thus that the effects had a presynaptic origin (Fig. 6C, bottom) .
To further demonstrate the presynaptic site of the action of ACh, we applied brief puffs of muscimol (500 M) that induced brief inward GABAergic currents that were not modified by ACh (from 294.4 Ϯ 40.5 pA to 305.4 Ϯ 504.9 pA, P Ͼ 0.05; n ϭ 6; Fig. 6D ). We also analyzed the time course of ACh effects on both isolated IPSCs and muscimol currents and found that while IPSCs were rapidly depressed, muscimol currents were not (Fig. 6E) . Taken together, these results sustain the view that ACh inhibited GABA A IPSCs presynaptically through the activation of both M2-mAChRs and nAChRs.
ACh released by BF stimulation increased a NMDAR-mediated component of the response evoked by vibrissa deflection. To test whether these Ca 2ϩ spikes could be facilitated by endogenous ACh in more physiological conditions, we performed in vivo recordings on anesthetized rats (Fig. 7A) . Since the BF provides the primary source of ACh in the cortex (Mesulam et al. 1983) , we investigated the responses of L5 neurons evoked by vibrissa deflections in control conditions and after the release of endogenous ACh by BF stimulation (see MATERIALS AND METHODS). L5 barrel cortex neurons (n ϭ 71) located at depths of 900 -1,200 m were silent or displayed a low firing rate (0.1-2 APs/s) under spontaneous conditions. All neurons displayed a contralateral response that corresponded to displacements of one or two vibrissae that evoked AP responses with two components: an initial short-latency response (9.8 Ϯ 0.2 ms; n ϭ 32) followed by a smaller delayed response component. The delayed component most likely reflects the AP burst riding on the slow Ca 2ϩ spike following the BF stimulation (Fig. 7C) . The low spontaneous AP firing rate (Ͻ2 Hz) and the minor activation to the deflection of one or two vibrissae provide strong support for the notion that recordings were obtained from L5 A PCs, as has been described previously (de Kock and Sakmann 2009; Manns et al. 2004) .
We measured the average number of APs in the first component (0 -20 ms time window after vibrissa deflection onset) and the second component (20 -50 ms time window after vibrissa deflection onset). In control conditions the initial short-latency component had on average 1.3 Ϯ 0.21 APs/ stimulus (n ϭ 11), while the second component included 1.2 Ϯ 0.3 APs/stimulus (same cells) (Fig. 7D) . The second component was reduced to 0.64 Ϯ 0.12 APs/stimulus (52 Ϯ 6%, P Ͻ 0.001; n ϭ 11) by intraperitoneal administration of the irreversible NMDAR blocker MK-801 (0.5 mg/kg; see, e.g., Hager Fig. 7D ). These results suggest that the second component of the response was mainly mediated by NMDARs and could correspond to the AP burst riding on the Ca 2ϩ spike recorded in vitro (see below).
To examine the effect of ACh released by BF stimulation on vibrissa deflections, the vibrissa was stimulated before and after three 500-ms-duration pulse barrages (0.3 ms, 100-to 200-A pulses at 50 Hz) delivered at the BF at 2-s intervals. To analyze the time course of the effects of BF stimulation, PSTHs were calculated every 20 s (mean response of 10 successive stimuli) over 2 min before and after BF stimulation. The number of APs evoked in the initial and mainly in the second response component increased after BF stimulation (Fig. 7E) . The first component of the response measured over 2 min after BF stimulation increased from 1.3 Ϯ 0.21 APs/ stimulus to 1.6 Ϯ 0.29 APs/stimulus (125 Ϯ 11.1%, P Ͻ 0.01; n ϭ 18) relative to the control, without changes in response latency (9.4 Ϯ 0.4 ms, P Ͼ 0.05; same cells; Fig. 7, C and E) . The second component of the response increased from 1.2 Ϯ 0.3 APs/stimulus to 1.9 Ϯ 0.35 APs/stimulus (160 Ϯ 12.3%, P Ͻ 0.001; n ϭ 18). The response facilitation lasted up to 5 min and was blocked by application of atropine (10 mM; n ϭ 10) through a cannula located in L5, indicating that the facilitatory effect was mediated by mAChR activation (Fig. 7E) . Interestingly, the AP facilitation of the second component was also blocked (93 Ϯ 5.6% from control, P Ͼ 0.05; n ϭ 11) by a preceding (15 min) intraperitoneal injection of MK-801 (0.5 mg/kg; Fig. 7F ). In contrast, the first component of the response facilitation was not affected under MK-801 (122 Ϯ 12.1% from control, P Ͻ 0.01; same cells). These data demonstrate that NMDARs contribute significantly to the second component of the AP response and that its facilitation by BF stimulation was absent when NMDARs were blocked.
An interpretation of these in vivo results is that ACh, through the activation of mAChRs released by BF stimulation, induced Ca 2ϩ spikes and AP bursts evoked by stimulation at L5 B . We wish to emphasize the similarity between the initial and delayed AP responses recorded in vivo under BF stimulation and the AP burst riding on the IPSP-Ca 2ϩ spike sequence recorded in vitro after the application of ACh (Fig. 7B) because it provides strong support for the view that the in vivo delayed AP response underlies the Ca 2ϩ spikes facilitated by the ACh released by BF stimulation.
DISCUSSION
We provide original evidence showing that ACh acting via mAChRs and nAChRs induced a strong and complex control of neuronal excitability and synaptic interactions in L5 A barrel cortex. This regulation was detected in L5 A PCs by 1) membrane depolarization and increased excitability; 2) a rise in R in ; and 3) an increased synaptic excitation and a reduced synaptic inhibition. These ACh-induced changes resulted in the generation of slow all-or-none Ca 2ϩ spikes and AP bursts evoked by electrical stimulation of basal dendrites at L5 B . Essentially identical effects were observed in the absence of activation of AChRs when GABA A -mediated inhibition was blocked by PiTX. Therefore, by regulating the excitatory/inhibitory balance cholinergic activity can switch the output of L5 A PCs to a bursting mode that causes a potent and sustained response enhancement with possible consequences for the signal processing capacity and plastic properties of the barrel cortex. The M1-mAChR-mediated apamine-sensitive transient hyperpolarization of L5 B neurons (Gulledge et al. 2007 ) was observed in the present experiments when ACh was puffed close to the soma but not when ACh was puffed at the basal dendrites of L5 A PCs, suggesting that the location of cholinergic receptors could be relevant to inducing different response patterns.
Properties spikes (Andreasen and Hablitz 1993) .
All-or-none Ca 2ϩ spikes triggered in the thick apical dendrites of L5 PCs are facilitated by membrane depolarization with a strong contribution of back-propagating APs that activate dendritic L-type VGCCs in intrinsically bursting cells (Nevian and Sakmann 2004; Remy and Spruston 2007; Yuste et al. 2000) . However, all-or-none Ca 2ϩ spikes can also be triggered at the basal dendrites of L5 A PCs by activation of NMDARs in regular spiking cells. These Ca 2ϩ spikes, termed "NMDA spikes," rely on the positive feedback caused by the relief of the voltage-dependent Mg 2ϩ -mediated blockade of NMDA channels (Nevian et al. 2007; Schiller et al. 2000) . Therefore, a possible interpretation of our results is that under activation of cholinergic receptors the Glu released by stimulation at L5 B generates these Ca 2ϩ spikes through activation of both VGCCs and NMDARs in the apical and basal dendrites, respectively.
We provide evidence supporting the view that these Ca 2ϩ spikes are triggered when ACh is "puffed" at the basal dendrites. Therefore, after synaptic activation of NMDARs, Ca 2ϩ spikes could originate in the basal dendrites as NMDA spikes (Gordon et al. 2006; Nevian et al. 2007; Schiller et al. 2000) and rapidly propagate to the apical dendrites assisted by the back-propagating AP burst that activates L-type VGCCs. However, we could not determine time differences in the onset of Ca 2ϩ signals at different sites along the L5 A PCs that could have provided a direct indication of the site of origin of the Ca 2ϩ rise and therefore of the spike. Both mAChRs and nAChRs mediate cholinergic effects. The increased excitability induced by ACh acting via M1-mAChRs results from a G protein-mediated reduction of several K ϩ currents that depolarize the cell, including the voltage-dependent K ϩ conductance termed the M current (Carr and Surmeier 2007; Krnjevic 2004 ) and the slow Ca 2ϩ -activated K ϩ conductance that generates the slow afterhyperpolarization (Bonansco and Buño 2003; Martin et al. 2001 ). The increased R in associated with the inhibition of K ϩ conductances amplifies the effectiveness of transmembrane depolarizing currents because of the resultant increased voltage drop and electrical "compactness" of the cell (Gulledge et al. 2005) , an effect that contributes to the generation of Ca 2ϩ spikes. In addition, our results demonstrate that activation of M1-mAChRs and nAChRs increases glutamatergic synaptic transmission. These results are in agreement with previous data in the hippocampus showing that M1-mAChRs acting via the inositol 1,4,5-trisphosphate pathway increase the NMDAR-mediated (Marino et al. 1998; Markram and Segal 1992) and both AMPA receptor-and NMDAR-mediated (Fernandez de Sevilla and Buño 2010) response components. However, our results indicate that in order to increase glutamatergic synaptic transmission, L5 A PCs require the additional involvement of nAChRs that would favor the Ca 2ϩ increase through activation ␣7-nAChRs. Similarly in layer IV, bath-applied nicotine enhanced thalamic-evoked glutamatergic responses, without affecting intracortically evoked responses, an effect that was blocked by nAChR antagonists (Gil et al. 1997) . Finally, in our experimental conditions ACh did not induce in L5 A PCs the presynaptic inhibition of glutamatergic transmission present in the hippocampus (Fernandez de Sevilla et al. 2002 ) that could interfere with the generation of Ca 2ϩ spikes by reducing synaptic excitation.
We also show that Ca 2ϩ spikes cannot be generated when synaptic inhibition is active in ACSF but can be readily triggered when inhibition is reduced by ACh or when PiTX blocks GABA A inhibition. These results suggest that local inhibition acts as a switch that regulates the output mode of L5 A PCs by controlling Ca 2ϩ spike generation. We show that the reduction of GABA A inhibition is largely prevented by blocking nAChRs or M2-mAChRs, likely indicating that the ACh-mediated activation of both M2-mAChRs and nAChRs may act synergistically to reduce inhibitory synaptic transmission at L5 A GABAergic interneurons. Accordingly, activation of M2-mAChRs inhibits fast spiking (FS) inhibitory interneurons (Kruglikov and Rudy 2008) and non-FS cholecystokinin (CCK)-positive interneurons in rat L5 somatosensory cortex (Gulledge et al. 2007 ). Moreover, activation of nAChRs also inhibits non-FS CCK-positive and VIP-positive interneurons, which present a nAChR-driven hyperpolarization (Gulledge et al. 2007 ). Therefore, ACh could inhibit CCK-positive interneurons via activation of both mAChRs and nAChRs, which are required to decrease GABAergic synaptic transmission by ACh under our experimental conditions. Our results show that ACh changes the PPR of IPSCs and the 1/CV 2 IPSC amplitude values without affecting the muscimol-evoked postsynaptic GABAergic currents. Therefore, we conclude that ACh-mediated decrease of GABA release probability from the synaptic terminals of interneurons is the mechanism that causes the cholinergic-mediated reduction of inhibitory synaptic transmission. In support of this view, it has been shown that mAChR activation presynaptically inhibits GABA release (Patil and Hasselmo 1999) via the release of the endocannabinoid 2-arachidonoylglycerol from PCs and activation of CB1 receptors at CCK-positive interneuron terminals, as occurs in the hippocampus (Patil and Hasselmo 1999; Pitler and Alger 1992) . In this scenario, a decreased synaptic inhibition could act by facilitating the back-propagation of depolarizing potentials into the dendrites, thus boosting the likelihood of triggering dendritic Ca 2ϩ spikes.
Possible functional relevance of Ca 2ϩ spikes induced by cholinergic facilitation. We show that the output of L5 A PCs is regulated by the balance of excitation and inhibition (Giocomo and Hasselmo 2007; Johenning et al. 2009 ) caused by complex interactions between intrinsic and synaptic conductances. In addition, we demonstrate that these cholinergically triggered interactions may result in a switch in the output mode of L5 A PCs through the generation of Ca 2ϩ spikes, where L-type VGCCs, NMDARs, GluRs and GABA A receptors play key roles. The bursting output mode is also present in vivo, where a single presynaptic stimulus evokes a dendritic plateau potential and AP burst (de Kock and Sakmann 2008) . Moreover, our in vivo recordings demonstrate that electrical stimulation of the BF induces the release of ACh that triggers an atropine-sensitive enhancement of a late AP response in L5 neurons evoked by vibrissa deflection that is mainly mediated by activation of NMDARs. The enhanced cortical response evoked by vibrissa deflection induced by BF stimulation may result in a potent and sustained amplification of excitatory synaptic transmission and AP output that could have fundamental consequences for sensory processing and plastic properties of the barrel cortex.
The strong Ca 2ϩ signal associated with Ca 2ϩ spikes could trigger long-term potentiation (LTP) (Daw et al. 2006; Remy and Spruston 2007) , a mechanism that could regulate whisking behavior (de Kock and Sakmann 2009; Troncoso et al. 2007 ). More important, perhaps the EPSP back-propagating AP and Ca 2ϩ spike sequence could represent a particularly adequate activity pattern to induce LTP by spike timing-dependent plasticity (Fuenzalida et al. 2010 ). In addition, back-propagating AP bursts can potentiate synapses that are involved in generating "Up states" that share properties with the activity described here and that may represent a key operational mode in cortical computations (Castro-Alamancos 2009; Shu et al. 2003) . The cortical release of ACh during distinct functional states and behaviors may facilitate Ca 2ϩ spikes in PCs where cholinergic inputs are abundant (Lysakowski et al. 1989; Yamasaki et al. 2010) . Therefore ACh could enhance sensory detection, processing, and plasticity with the intervention of complex synaptic interactions (Alenda and Nuñez 2007; Castro-Alamancos 2009 
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